Abstract A female parasitoid searching for hosts in a patch experiences a diminishing encounter rate with unparasitized and thus suitable hosts. To use the available time most efficiently, it constantly has to decide whether to stay in the patch and continue to search for hosts or to search for and travel to another patch in the habitat. Several informational cues can be used to optimize the searching success. Theoretically, encounters with unparasitized hosts should lead to a prolonged search in a given patch if hosts are distributed contagiously. The results of empirical studies strongly support this hypothesis. However, it has, to date, not been investigated theoretically whether encounters with already parasitized hosts (which usually entail time costs) provide a parasitoid with valuable information for the optimization of its search in depletable patches, although the empirical studies concerning this question so far have produced ambiguous results. Building on recent advances in Bayesian foraging strategies, we approached this problem by modeling a priori searching strategies (which differ in the amount of information considered) and then testing them in computer simulations. By comparing the strategies, we were able to determine whether and how encounters with already parasitized hosts can yield information that can be used to enhance a parasitoid's searching success.
Introduction
In nature, resources are not evenly distributed over the environment, but usually only occur in distinct patches. A foraging animal depletes the resources in a patch and thus experiences diminishing returns over time. Consequently, it constantly has to decide whether it would do better by continued searching in the currently visited patch or by leaving, searching for, and traveling to another patch in the habitat.
In the context of optimal foraging theory, much work has been conducted on this problem of patch time allocation. Especially the host searching behavior of insect parasitoids has attracted interest since parasitoids provide ideal study objects due to the direct link of their foraging success to fitness (Godfray 1994; Godfray and Shimada 1999) . One central model of patch leaving decisions in depletable patches is the Marginal Value Theorem (MVT) developed by Charnov (1976) , which asserts that the optimum time to leave a patch is when the instantaneous gain rate drops below the maximum average gain rate attainable in the habitat. However, this model has been criticized (Oaten 1977; Godfray 1994) because it is based on the assumption that the forager is omniscient concerning the distribution and quality of patches and consequently does not gain any information while foraging. In nature, patches and habitats differ in quality both within and between generations, and thus, the omniscience condition obviously is not realistic. Therefore, we need to find a link between the functional optimality predictions and proximate mechanisms that can be used by foragers with limited knowledge (van Alphen and Vet 1986; Vos et al. 1998; van Alphen et al. 2003) .
A simple mechanism would be the use of so-called rules of thumb: (a) leave after a fixed number of resource items have been found-fixed number rule (Gibb 1962) , (b) leave after a fixed time interval-fixed time rule (Krebs 1973) , and (c) leave after no resource item has been found for a fixed time interval-fixed giving-up time (GUT) rule (Hassell and May 1974; Murdoch and Oaten 1975) . Waage (1979) developed a more sophisticated mechanistic model for parasitoids. He assumed that a parasitoid's responsiveness to the patch edge decreases with the time spent on the patch, e.g., through sensory habituation until a critical threshold is reached and the patch is abandoned. In this so-called increment-decay model, Waage, building on the results of his study on the searching behavior of the parasitoid Venturia (Nemeritis) canescens (Waage 1978) , suggested that ovipositions increase the responsiveness and consequently lead to higher patch residence times (PRT). Contrary to the latter prediction, various studies with different parasitoids revealed that ovipositions do not always increase but can actually decrease the PRT (Strand and Vinson 1982; Casas et al. 1993; Driessen and Bernstein 1999; Wajnberg et al. 1999) or even affect the patch-leaving decision dynamically, depending on the experience and physiological state of the parasitoid (Outreman et al. 2005) . Iwasa et al. (1981) showed theoretically that increasing the PRT after host encounters is adaptive when there is large heterogeneity in patch quality, e.g., if hosts have an aggregated (overdispersed) distribution among patches since the encounter of a host then leads to an increased probability of finding another one, whereas decreasing the PRT is advantageous when hosts are more regularly distributed because in this case, the probability of finding a second host is reduced. Indeed, studies performed with parasitoids whose hosts are aggregated in space showed that ovipositions significantly increased the tendency to stay in a patch (Haccou et al. 1991; Hemerik et al. 1993) .
Although the effect of ovipositions is well established both empirically and theoretically, the effect of rejections of already parasitized hosts has not yet been finally resolved. In predator-prey systems, the encountered prey items are consumed. In parasitoid-host systems, however, parasitized hosts remain in the patch and can therefore be reencountered. For at least two reasons, such encounters with already parasitized hosts may be important. First, they may entail time costs for examination and rejection. Second, encounters with hosts parasitized by a conspecific may provide the searching parasitoid with the information that the current patch has already been exploited and consequently probably contains a large fraction of parasitized hosts.
Accordingly, van Lenteren proposed (van Lenteren 1981) and found (van Lenteren 1991; but see van Alphen 1993) lower PRT and search times when parasitoids encountered parasitized hosts. However, the findings of other experiments on species whose hosts usually show a clumped distribution (in the case of regularly distributed hosts, a rejection should always be expected to increase the parasitoid's leaving tendency, as should in fact any encounter of a host) did not support this hypothesis unequivocally. No effect of rejections of already parasitized hosts on the search time was found by van Alphen and Galis (1983) for Asobara tabida; Haccou et al. (1991) detected no effect of rejection rates on the leaving tendency of Leptopilina heterotoma, whereas Varaldi et al. (2005) observed an increase in the leaving tendency after rejections for the same species. van Steenis et al. (1996) found no influence of rejections on the leaving tendency of Aphidius colemani, and Varaldi et al. (2005) detected no effect of host encounters on the leaving tendency of Leptopilina boulardi.
An unambiguous example of an effect of rejections of parasitized hosts on the PRT was provided by Hemerik et al. (1993) , who confirmed an increase in the leaving tendency of experienced Leptopilina clavipes if the first host encountered in a patch was already parasitized by a conspecific. This led to the hypothesis that only the first host encounter provides relevant information: if it is with a parasitized host, the searching parasitoid gains the information that the patch has already been exploited. From the second host encounter onwards, the parasitoid, provided that it is unable to discriminate between self-and conspecifically parasitized hosts, does not know the origin of the egg in the host and therefore does not gain any further information on the extent of exploitation in the patch. However, the assumption that discrimination against self-parasitized hosts is lacking in parasitoids is not necessarily true. In fact, such discrimination has been demonstrated in several species van Dijken et al. 1992; Marris et al. 1996; Wajnberg et al. 2000; Boivin et al. 2004) . More recent studies (Wajnberg et al. 1999; Wajnberg et al. 2000; Boivin et al. 2004; Wang and Keller 2004) suggested that rejections of parasitized hosts may also affect the PRT at later encounters. However, in Wajnberg et al. (1999) and Wang and Keller (2004) , the investigated parasitoid species, Telenomus busseolae and Diadegma semiclausum, also increased their leaving ten-dency after ovipositions. The same was found by Boivin et al. (2004) for Anaphes victus, whereas van Baaren et al. (2005a,b) observed a decrease in the leaving tendency after ovipositions for the same species. In Wajnberg et al. (2000) , only rejections of self-parasitized (or unparasitized) hosts decreased the PRT of Trichogramma brassicae; no influence of encounters with conspecifically parasitized hosts was detected.
In view of these somewhat confusing empirical results, it is striking that theoretical investigations of this problem are almost completely lacking. Only Pierre et al. (2003) developed a model where parasitoids sample a patch to estimate the proportion of parasitized hosts. However, their model holds only for undepletable patches and does not consider travel costs. Furthermore, it is not principally concerned with the optimality of decisions.
To close this gap, we investigated for parasitoids searching for hosts in depletable patches which information they should consider to determine the optimum patch leaving strategy and how this information should be used. In particular, we were interested in the question whether parasitized hosts provide foraging parasitoids with information that should be incorporated in the decision-making process for patch leaving to maximize their long-term fitness gain rate. Since this cannot easily be solved analytically, as Pierre et al. (2003) point out, we defined a priori searching strategies (patch leaving rules) in a model. With these rules that differ in the amount of information that the parasitoids use, we ran computer simulations with a variety of different values for behavioral traits and environmental parameters to elucidate which of the different searching strategies performs best and thus what kind of information is substantial for a foraging parasitoid.
The model

Assumptions and restrictions
In each model run, only one parasitoid is currently exploiting the patches. It can, however, encounter already parasitized hosts. Consequently, direct interference is neglected, whereas indirect interference takes place. Within patches, hosts are found at random, i.e., according to a Poisson process; systematic search in a patch is disregarded. In a given patch, all present hosts have the same probability to be encountered. Upon encounter, the status of the host is determined (unparasitized, parasitized, selfmarked or not). We assume perfect host discrimination; that is, the parasitoid can infallibly distinguish between unparasitized and parasitized hosts.
Unparasitized hosts are always accepted for oviposition (and are thus turned into parasitized hosts which are not replaced, i.e., remain in the patch), and already parasitized hosts are always rejected. Therefore, no superparasitism occurs, although it has been shown that this may actually be adaptive under certain circumstances (van Alphen and Nell 1982; van Alphen and Visser 1990; van der Hoeven and Hemerik 1990; Visser et al. 1990; van Dijken et al. 1992) . Perfect discrimination is a reasonable simplification to keep the model intelligible.
The distribution of hosts across patches in the habitat is assumed to follow a negative binomial distribution. Thus, given the mean number of hosts per patch m and the clumping parameter k, the probability that a patch contains x hosts is given by Eq. 1 (see, e.g., Mangel and Clark (1988) for the definition) and has mean m and variance m þ m 2 = k ð Þ:
For several reasons, the negative binomial distribution is very convenient: first, the mathematical equation contains only two parameters (m and k) and can therefore be calculated easily; second, it can cover the range from random (Poisson; k→∞) to extremely clumped (k→0) distributions; and third, it can often adequately describe aggregated distributions of insects, as has been shown in several ecological studies (Atkinson and Shorrocks 1984; Zhang et al. 1993; Peng and Brewer 1994; Tsai et al. 2000; Hoffmeister and Rohlfs 2001) . One of the central assumptions of the model is that the foraging parasitoid maximizes its long-term rate of fitness gain, i.e., the number of host parasitizations per time unit. This is a reasonable assumption as long as the parasitoid is not egg limited Sevenster et al. 1998) . Internal state constraints such as nutritional condition or limitation of egg complement and survival probability are not considered.
Decision rule
The model is based on the potential value assessment rule developed by Olsson and Holmgren (1998) . These authors extended a discrete stochastic model by Iwasa et al. (1981) . They showed that a randomly searching forager that updates its statistical estimate of the number of hosts in the current patch while foraging (Bayesian forager; Valone and Brown 1989; Olsson and Holmgren 1998) should not base its patch leaving decision on the instantaneous patch value (instantaneous fitness gain rate), but rather on the estimated potential patch value (potential fitness gain rate) if hosts have an aggregated distribution. Besides the estimation of the resource content of a patch, the potential patch value also includes the evaluation of the probability of gaining new information from which the patch can be reassessed. The rule states that the forager should leave the current patch when the potential gain rate drops below the average gain rate obtainable in the habitat (see below for details on the calculations). We extended their model by incorporating parasitized hosts.
Potential fitness gain rate
Following Iwasa et al. (1981) and Olsson and Holmgren (1998) , the probability of x remaining unparasitized hosts after search time z in the current patch is (see Table 1 for an overview of the variables used throughout the text)
where n is the number of unparasitized hosts found and parasitized, x+n the number of unparasitized hosts initially present in the patch, a′ the searching efficiency of the forager, N max the maximum number of hosts that a patch can contain (for our simulations, we set this value to 32), and Q j the probability that a patch initially contains j hosts. If hosts are distributed according to a negative binomial distribution, Q can be calculated from the mean and clumping parameter. The probability to find i unparasitized hosts (which are then parasitized but remain in the patch and can thus be reencountered) during the next unit of search time, given that x unparasitized hosts are present before the onset of this unit of search time, follows a binomial distribution with parameters x and e Àa' :
With the above equations, it is possible to calculate the probability of encountering exactly i unparasitized hosts in a given patch during the next unit of search time:
The expected number of unparasitized hosts to be found during the next unit of search time then becomes:
Given the time needed for an oviposition and the activities intrinsically connected with it (handling time T h ), we can now calculate F′, the potential fitness gain rate obtainable in the next time unit if rejections cannot occur (or the time costs of a rejection are zero) analogously to the equation for optimal diet choice (Stephens and Krebs 1986) :
As mentioned, this equation does not include the possibility of encounters with already parasitized hosts. To do this, the expected number of parasitized hosts that will be found during the next unit of search time S par. must be calculated as well. Assuming that (a) the parasitoid is able to distinguish between hosts parasitized (and marked) by itself and hosts parasitized (and exclusively marked) by a conspecific and that (b) hosts previously parasitized by a conspecific are marked as self-parasitized upon encounter (and are subsequently recognized as self-marked), the hosts parasitized by a conspecific can be considered depletable. Therefore, there are three distinct classes of hosts: (1) unparasitized hosts (depletable), (2) hosts parasitized (marked) by a conspecific (depletable), and (3) selfparasitized (self-marked) hosts (not depletable). Thus, S con. , the expected number of conspecifically marked hosts to be found during the next unit of search time, can be calculated analogously to S unp. . Here, the self-marked hosts are not considered yet. However, the number of self-marked hosts is known: it is the number of unparasitized hosts found n plus the number of conspecifically marked hosts found n c . Thus, it is possible to calculate the expected number of already parasitized hosts S par. to be found during the next unit of search time as:
Now, given the time needed for the rejection of an already parasitized host and the activities intrinsically connected with it (rejection time T r ), it is finally possible to determine the potential fitness gain rate obtainable in the patch in the next time unit:
Average habitat fitness gain rate
To calculate the average fitness gain rate obtainable in the habitat, the fitness gain rate obtainable in a patch of any quality has to be calculated, and the probability of the occurrence of a patch of this quality must be known.
The maximum fitness gain rate obtainable in a patch of given quality can only be assessed when the theoretical number of (unparasitized) hosts found after any particular total PRT T t is known (i.e., the expected number of ovipositions). This functional relation is the (here, stochastic) gain curve as used in the MVT, and the slope of the tangent to this gain curve-considering, of course, the average time needed to travel from one patch to the next T tr -equals the maximum rate of fitness gain achievable in the patch.
Here, we build upon the "attack equation" developed by Rogers (1972) , which calculates the expected number of parasitized hosts as a function of total PRT T t , initial number of hosts N t , searching efficiency a′, and handling time T h for parasitoids foraging in depletable patches. We extended this equation for parasitoid-host systems 1 by including rejection time T r and allowing parasitized hosts to be present initially. Now, if the total number of hosts in the patch N t , the number of unparasitized hosts initially present N u 0 , T h , T r , and a′ are known, T h ≥0, T r ≥ 0, and only one forager is allowed in the patch, then N a , the expected 1 Originally, the equation was developed for predators searching for prey; thus, the parasitoids correspond to the predators, the parasitized hosts to the consumed prey items, and N t to the initial prey number. fitness gain rate in the patch after total patch residence time T t G max (x,y) maximum fitness gain rate obtainable in a patch containing x unparasitized and y parasitized hosts H average habitat fitness gain rate H′ average habitat fitness gain rate estimate of a parasitoid neglecting parasitized hosts I(x,y) probability that a patch initially contains x unparasitized and y parasitized hosts k clumping parameter of the negative binomial distribution λ mean number of host encounters per host present m mean of the negative binomial distribution n number of unparasitized hosts found and parasitized n c number of conspecifically marked hosts found (and rejected) N a expected number of unparasitized hosts encountered (after a given patch residence time) N e total number of host encounters (with unparasitized or parasitized hosts) N max maximum number of hosts a patch can contain N p0
number of parasitized hosts initially present in the patch N t total number of hosts present in the patch N u number of currently unparasitized hosts present in the patch N u0
number of unparasitized hosts initially present in the patch P i (x) probability to find i unparasitized hosts during the next unit of search time Q j probability that a patch initially contains j hosts R x (z,n)
probability of x out of initially (x+n) unparasitized hosts remaining unparasitized after search time z in the current patch S i (z,n) probability of encountering exactly i unparasitized hosts in the patch during the next unit of search time, given that n unparasitized hosts have been found during the last z units of search time S con. expected number of conspecifically marked hosts to be found during the next unit of search time S par. expected number of already parasitized hosts to be found during the next unit of search time S unp. expected number of unparasitized hosts to be found during the next unit of search time T h handling time=time needed for an oviposition and the activities intrinsically connected with it T r rejection time=time needed for a host rejection and the activities intrinsically connected with it T t total patch residence time T tr travel time between patches x number of unparasitized hosts in the patch y number of parasitized hosts in the patch z search time in the current patch number of unparasitized hosts encountered, is implicitly given by (see Appendix for the derivation)
In the simulation program, Eq. 9 was solved numerically. Mathematically, N a can be expressed as a function of total PRT T t , and then the function for fitness gain rate is also a function of T t ,
which must be maximized, so that the maximum rate of fitness gain achievable in the patch is obtained. For the calculation of the probabilities of the occurrence of patches with different numbers of hosts, the values given by the negative binomial distribution can be used if parasitized hosts are not initially present in a patch.
If parasitized and unparasitized hosts may initially be present in a patch (e.g., if a certain percentage of all hosts in the habitat is already parasitized), the calculation of the theoretical distribution of parasitized and unparasitized hosts across patches becomes mathematically unfeasible. As a solution, we used data obtained from preliminary simulations. For the chosen mean and clumping parameter, a habitat with 100,000 patches initially containing no parasitized hosts was set up, and a parasitoid employing strategy "A" (see below) was allowed to visit these in the following way: one patch was randomly chosen (by picking a random number from 1 to 100,000), and the parasitoid would search in this patch until it decided to leave; this was repeated (thus allowing any single patch to be visited several times-if the number was drawn more than once-or not at all) until the desired percentage of hosts across the total 100,000 patches was parasitized. The resulting distribution of unparasitized and parasitized hosts, as calculated from the 100,000 patches, was subsequently used in all simulations with this parameter set (i.e., for all strategies). Repeating the simulations using strategy "E" (see below) during the preliminary simulations did not have a measurable impact on the results and conclusions (data not shown).
If the probability that a patch initially contains x unparasitized and y parasitized hosts is I(x,y) and the maximum fitness gain rate obtainable in a patch containing x unparasitized and y parasitized hosts is G max (x,y), the average habitat fitness gain rate is given by
The leaving rules
As we are concerned with clumped (to Poisson) host distributions, we did not include the fixed number rule. As Iwasa et al. (1981) showed, this simple strategy will only perform well if hosts are distributed regularly. In fact, if the strategy says, "leave after zero hosts have been found," the parasitoid will spend all its time traveling between patches; if the strategy says, "leave after one host has been found" (obviously, the same holds for more than one as well), the parasitoid will get forever stuck in the first patch that contains no hosts at all. The only possibility to get this strategy to work would be to combine it with either the fixed time rule or the fixed GUT rule. This would result in an already rather complicated rule, which is difficult to implement and moreover expected not to do significantly better than the fixed (giving-up) time rule itself, if at all. Therefore, we tested the following six patch leaving strategies:
1. Fixed patch residence time (PRT) rule ("T"): The parasitoid will leave the patch if it has been on the patch for a certain constant (fixed) time interval. To assure the optimum result for this leaving rule, the best time interval for each parameter set was determined by running full simulations with all possible time intervals up to a reasonable maximum (i.e., 1,000 replicate simulations with 100 patch visits for each time interval). Then the proper simulation was repeated with the obtained time interval (i.e., the one which on average yielded the highest fitness gain rate), and only this result was used in the evaluation and comparison of the performances of the different searching strategies.
2. Fixed search time rule ("S"): The parasitoid will leave the patch if it has been searching on the patch for a certain constant (fixed) time interval (PRT minus time spent on ovipositions or rejections). To assure the optimum result for this leaving rule, the best time interval for each parameter set was determined as for strategy "T". 3. Fixed giving-up time rule ("G"): The parasitoid will leave the patch if it has not encountered an unparasitized host for a certain constant (fixed) time interval (giving-up time, GUT), or alternatively-in case no unparasitized host is found-if the PRT reaches or exceeds the GUT. To assure the optimum result for this leaving rule, the best time interval for each parameter set was determined as for strategy "T". 4. Potential value assessment rule without consideration of parasitized hosts ("E"): The parasitoid uses the potential value assessment rule but does not consider parasitized hosts. Thus, the potential fitness gain rate in the patch is calculated according to Eq. 6, and the average habitat fitness gain rate is as follows:
If the potential fitness gain rate in the patch drops below the average habitat fitness gain rate, the patch will be abandoned. 5. Potential value assessment rule with consideration of parasitized hosts ("A"): The parasitoid compares the potential fitness gain rate in the patch (according to Eq. 8) with the average habitat fitness gain rate (according to Eq. 11). If the former drops below the latter, the patch will be abandoned. 6. Omniscient forager ("O"): The parasitoid essentially uses the potential value assessment rule. However, it has perfect knowledge not only concerning the distribution of hosts in the entire habitat but also regarding the numbers of unparasitized and parasitized hosts (x and y, respectively) in the currently visited patch and does not need to estimate them. Hence, S unp. , the expected number of unparasitized hosts to be found during the next unit of search time, becomes
and S par. is calculated thus,
Then the potential fitness gain rate is calculated according to Eq. 8 and the average habitat fitness gain rate according to Eq. 11.
Statistical analysis
For each of the strategies and each of 108 different parameter sets (Table 2) , 1,000 simulation runs (replicates) with 100 patch visits each were conducted. Note that the rejection time T r is set equal to the handling time T h in some cases (in sets 73 ff., Table 2 ). Biologically, this does not make sense since it should lead to ovipositions in both unparasitized and parasitized hosts if the parasitoid is not egg-limited (which is assumed here); therefore, T r should in fact always be smaller than T h , as is indeed the case for most parasitoid species (L. Hemerik, personal observation). However, we included the asymptotic case to cover the entire range of possible relationships between T h and T r , from T r =0 to T r increasing to asymptotically equaling T h . For each simulation run, we calculated the realized oviposition rate (OR) as the total number of ovipositions divided by the foraging time. The influence of the used strategy m=mean number of hosts per patch, k=clumping parameter of the negative binomial distribution, a′=searching efficiency, T tr =travel time, T h =handling time, T r =rejection time, %Par=percentage of parasitism in the habitat. T tr , T h , and T r are measured in discrete (computer) time steps ("time units"), which may be substituted by any arbitrary time interval (e.g., seconds); a′ is accordingly given in number of host encounters per time unit of searching. The values in parentheses are only included to demonstrate the succession of the values of the respective parameter; they must not be considered in counting the parameter sets since they are already included in sets 1-16. and the environmental (m, k, T tr , and the percentage of parasitism in the habitat %Par) and behavioral (a′, T h , and T r ) parameters on the OR was analyzed with a general linear model (GLM) with the software SAS 8.02 by SAS Institute. We specified a normal distribution of the error term and identity link function. Although the residuals actually deviated slightly from a normal distribution, they were distributed symmetrically around the mean. A minimum adequate model, starting from a maximum model containing all parameters and interaction terms of the strategy with each of the other parameters, was fitted to the data. It was obtained by backward elimination of all those factors from the maximum model whose removal led to an insignificant increase in the deviance (likelihood ratio test, type 3 analysis), starting with the highest order terms as described by Crawley (1993) .
Results
The mean achieved OR of the strategies are shown in Fig. 1 . On average in the 108 parameter sets, the omniscient strategy ("O") clearly obtained the highest OR (0.00571 ovipositions per time unit). The fixed PRT strategy ("T") yielded the worst result (0.00343; 60% of strategy "O"), followed by the fixed search time strategy ("S") (0.00384; 67%). The performances of the remaining three strategies are between those of "O" and "S." They are all within a small range, with the potential value assessment rule considering parasitized hosts ("A") being better (0.00427; 75%) than either the fixed GUT rule ("G"; 0.00417; 73%) or the potential value assessment rule without consideration of parasitized hosts ("E"; 0.00418; 73%).
All main factors except for the mean number of parasitized hosts initially present in a patch (mean N p 0 ) contribute significantly to the minimum adequate model (Table 3 ); yet, mean N p 0 was not removed from the model, as it is contained in a significant interaction. Obviously, the employed strategy greatly influences the achieved OR. Post hoc tests (see legend to Fig. 1) showed that all strategies differ significantly from each other, with the one exception of the potential value assessment rule based on unparasitized hosts only ("E") and the fixed GUT rule ("G") (Fig. 1) .
As expected, both the mean number of unparasitized hosts initially present in a patch (mean N u 0 ) and the searching efficiency have a positive influence on the OR, whereas increasing T tr , T h , or T r has a negative impact (not shown in Table 3 ). The effect of changing the clumping parameter k of the negative binomial host distribution mainly depends on the foraging strategy; thus, the interaction of k with the strategy explains more of the variance than the main factor alone (see below).
All two-factor interaction terms are significant, indicating that the effect of each of the parameters strongly depends on the strategy used by the parasitoid, i.e., that the increase or decrease in the achieved OR is greater for one strategy than for another one. For example, the strategy with fixed PRT ("T") strongly benefits relative to the others from an increase in the clumping parameter k; so does the strategy with fixed search time ("S"), although less so than "T." With increasing mean N u 0 , both potential value assessment strategies ("A" and "E") and the strategy with a fixed GUT ("G") gain relative to the omniscient strategy "O," whereas the fixed search time ("S") (Table 2) , which leads to standard errors much higher than for any single parameter set: variation in the achieved oviposition rates was quite high among different parameter sets, but, for example, strategy "A" performed better than strategy "E" for most of these parameter sets For an explanation of the variables, see Table 1 . df =degrees of freedom. R 2 =0.85 (thus, 85% of the total variation are explained by the model).
and especially the fixed PRT strategy ("T") fall behind even more; the same pattern holds for the mean N p 0 .
The factor expected to best show the value of considering parasitized hosts, i.e., the difference between strategies "A" and "E," is the interaction of T r with the strategy, as T r best reflects the cost associated with the encounter of a parasitized host. Indeed, with increasing T r , the strategy with potential value assessment of unparasitized hosts only ("E") does increasingly worse when compared to the strategy with potential value assessment of both unparasitized and parasitized hosts ("A") (p<0.0001; obtained by setting strategy "A" as the reference strategy in the GLM and thus effectively all parameter estimates of strategy "A" to zero). Now, to proceed from the rather vague notion that parasitized hosts should be taken into consideration by the parasitoid to more concrete predictions about the expected behavioral response that can be tested experimentally, it is important to analyze how each host encounter influences the state of the potential fitness estimate. Fig. 2 shows the development of the potential fitness gain rate during fictitious patch visits for two different sequences of host encounters (left and right sides in Fig. 2 ) and the two strategies "A" (Fig. 2a,b) and "E" (Fig. 2c,d) . Generally, the estimate declines exponentially over time. An oviposition leads to an increase in the estimate and thus of the search time (incremental response) The response to the rejection of a conspecifically parasitized host differs between the two strategies. Strategy "E" neglects such encounters. In contrast, "A" reacts to them by decreasing its estimate of the patch value, which in turn leads to a reduction in the search time (decremental response). Note that by leaving earlier, the parasitoid employing strategy "A" can partially avoid the risk of losing time through potential further encounters of parasitized hosts (Fig. 2b vs d) , which entail the cost of a rejection. Reencounters of self-marked hosts have no influence on the estimate of the potential fitness gain rate of both strategies and accordingly do not provide the foraging parasitoid with usable information.
Discussion
The theoretical approach
The goal of this work was to determine which informational cues a parasitoid searching for patchily distributed hosts should theoretically exploit to maximize its future searching success, Search time Potential fitness gain rate a b c d Fig. 2 Examples of the change in potential fitness gain rate (gray line) over time during patch visits for strategies "A" (a and b) and "E" (c and d), as obtained with computer simulations (for details on the strategies, see text). The habitat and behavioral parameters are as follows: m=3, k=1, %Par=50%, a′=0.005, T tr =60, T h =60, T r =30 (see Tables 1 and 2 for explanations of these variables). The patch is abandoned when the potential fitness gain rate drops below the average habitat fitness gain rate (black line). The potential fitness gain rate depends on the search time and on the experience made during the patch visit: open diamond, encounter of an unparasitized host; closed diamond, encounter of a conspecifically parasitized host; closed triangle, reencounter of a self-marked host. For better illustration of the reactions of an "A" or an "E" strategist, the sequence and timing of host encounters (which usually are stochastic events) during these sample patch visits were kept the same in panels a and c and in panels b and d, respectively, by hard-coding them in the simulation program which is directly linked to fitness. We were not primarily concerned with the information processing mechanisms, but rather with the question whether and how a specific piece of information can be used to alter the decision-making process and thus the searching behavior in such a way that the longterm searching success is enhanced. Here, we were especially interested in the effect of host encounters on the decision when to leave a patch. A lot of theoretical and empirical work has been performed on the influence of encounters with unparasitized hosts (see "Introduction"). However, the effect of encounters with already parasitized hosts has not been firmly established. The experimental studies conducted so far have produced ambiguous results, and until recently (Pierre et al. 2003) , no one has tried to approach this question theoretically. However, the model developed by Pierre et al. (2003) is not primarily concerned with the optimality of decisions.
In the first attempt to fill this theoretical void, we modeled different searching strategies and tested them through computer simulations in different virtual habitats, i.e., environmental conditions. Naturally, any model must make simplifications and restrictions, several of which have already been discussed above, such as the assumptions of perfect host discrimination and a Poisson searching process, the exclusion of superparasitism and direct interference, and the neglect of mortality risk.
The host distribution is assumed to follow a negative binomial distribution; that is, hosts are distributed across patches in an aggregated manner. However, the modeled habitat is not spatially explicit. There is no variation in travel time during a simulation run, and all patches in the habitat have the same probability to be encountered; thus, no preference of neighboring patches or attraction to patches proportional to host density is implemented. The latter would result in relatively more frequent visits of patches with high host numbers and thus conceivably lead to a greater relative success of the more sophisticated learning strategies.
Furthermore, the average habitat quality remains constant throughout the entire simulation, which implies that the number of patches in the habitat by far exceeds the number of patches visited by the searching parasitoid (in fact, mathematically, it is assumed that the number of patches in the habitat is infinite). Thus, changes in the environment during a parasitoid's lifetime, from year to year, or from generation to generation are not considered.
Bayesian updating is restricted to the estimate of patch quality; no update of the estimate of habitat quality or host distribution is made.
Despite these limitations, the model produces reasonable results and provides an interesting tool for further research. In principle, it is possible to extend the model by incorporating several of the above aspects.
The results
Most results from the simulations do not come as a surprise. Higher mean numbers of unparasitized hosts initially present N u 0 should trivially lead to higher average OR, which is confirmed by the model. Moreover, it should be expected that the assessment rules gain relative to strategy "O" when the number of unparasitized hosts and thus the frequency of encounters with such hosts increase since from more encounters, more information can be obtained. This is indeed the case, whereas the simple strategies with fixed search time ("S") and fixed PRT ("T"), which do not use the information conveyed by host encounters, lose out even more.
Higher mean numbers of parasitized hosts initially present N p 0 should lead to lower OR, as long as T r is greater than zero. This prediction is not entirely met: although a higher mean N p 0 reduces the OR, this effect is not significant. It seems to be overridden by the interaction of the mean N p 0 with the strategy: here again, the assessment rules [including the fixed GUT strategy ("G"), which implicitly reacts to host encounters] increase their performance relative to the omniscient strategy ("O") when the mean N p 0 increases, whereas strategies with fixed search time ("S") and fixed PRT ("T") do relatively worse.
Increasing T tr , T h , or T r inevitably leads to a decrease in the OR, as can be shown analytically. For our simulations, this is also confirmed by the GLM.
The clumping parameter k has most of its influence in the interaction term with the strategy-its effect strongly depends on the foraging strategy used by the parasitoid. This is mainly due to strategies "S" and "T": their OR greatly increases relative to the other strategies with increasing k (i.e., increasing randomness in host distribution), which is in agreement with the predictions made by Iwasa et al. (1981) : when the host distribution is Poisson, the estimate of the number of remaining hosts is a function of time only (i.e., host encounters do not convey any valuable information), and the potential value assessment rule resembles a fixed time (or fixed search time) strategy; it also fits with the findings of Green (1980) and Stephens (1993) , according to whom the advantage of assessment is greatest when patch quality is most variable.
The rejection time parameter T r can be expected to reveal differences between the searching strategies best; the greater it is, the more important should it be to estimate the probability of encounters with parasitized hosts (which entail time costs for rejecting the host) correctly. Indeed, for higher T r , the potential value assessment rule which considers parasitized hosts ("A") is significantly better than the one neglecting parasitized hosts ("E") (p<0.0001).
Evaluation of the overall performances showed that all searching strategies differ significantly from each other except for strategies "E" and "G" (Fig. 1) . The rather unrealistic omniscient strategy ("O") achieved the highest OR, followed by the strategy with potential value assessment based on encounters with both parasitized and unparasitized hosts ("A"; achieved OR approximately 75% compared to "O"); the fixed search time strategy ("S") and particularly the fixed PRT strategy ("T") did worst. The rather simple fixed GUT rule ("G") did quite well and was in fact virtually equal to the assessment rule which neglects parasitized hosts ("E") (both approximately 73% compared to "O").
The question whether parasitized hosts should be considered for the patch leaving decision, i.e., whether strategy "A" performs better than strategy "E", can only be answered carefully. Although the difference is statistically significant, it is only about 2%. However, even such a minute advantage may be important on an evolutionary scale. Whether such an advanced strategy can evolve depends among other things on proximate constraints. For example, Wajnberg et al. (2003) found in a comparative study of the Trichogrammatidae family that variation of the behavioral response to ovipositions (i.e., increasing or decreasing the PRT) was positively correlated with variation of the response to rejections of parasitized hosts. Therefore, these two features may be evolutionarily interdependent.
One of the main factors contributing to the difference between strategies "A" and "E" is the rejection time. As rejection times of real parasitoids are generally relatively short, it will presumably be difficult to explore experimentally whether a certain species considers or neglects parasitized hosts. In addition, some of the assumptions made in the current model may prove to be questionable: it is well conceivable that parasitoids (or foragers in general) are capable of updating their estimate of the average habitat quality on the basis of experience, which should be advantageous when temporal variability or superpatches are considered (Thiel and Hoffmeister 2004; Outreman et al. 2005) .
Bearing in mind that the presented model quickly becomes mathematically intractable when these modifications are to be incorporated, one may wonder how a real forager in the field is supposed to be able to make all those calculations. However, as McNamara (1982) points out, an animal does not solve a decision problem by mathematics but employs a mechanism that implements a policy; no calculations are done in the mathematical sense.
Looking for a proximate mechanism that ensures optimal behavior as derived from the model, there is a striking similarity between the development of the potential value in the course of a patch visit (Fig. 2 ) and the simple model formulated by Waage (1979) . In fact, there are only few minor differences: (1) the decay (in the potential value) over time is negative exponential rather than linear [in fact, this follows directly from the model developed by Iwasa et al. (1981) ; also, the models derived by McNamara (1982) and Green (1984) , using quite different approaches, show very similar decay patterns]; (2) the value of the increment (of the patch value estimate) after ovipositions is time dependent, although the effect on the search time is constant; (3) the effect of encounters with parasitized hosts depends on the strategy and on whether or not the host was self-marked (i.e., known before).
An update in the estimate of the average habitat quality can easily be made by altering the leaving threshold value accordingly, with a high estimate of the average habitat quality resulting in a high leaving threshold (and thus earlier leaving); alternatively, it could be achieved by adjusting the initial level of responsiveness (Shettleworth 1998) , with a high estimate of the average habitat quality corresponding to a low initial level of responsiveness and vice versa. In the mathematical model, such an update is not as simple: for example, a change in the estimate of the mean host number also implies changes in the distributions of unparasitized and parasitized hosts, which are needed in the calculation of the potential value.
It is possible to analyze the behavior of an animal acting according to a mechanism as outlined above via Cox regression (Cox 1972 (Cox , 1975 Haccou and Hemerik 1985; Kalbfleisch and Prentice 2002) . Indeed, studies performed so far (Hemerik et al. 1993 ) indicate that such a complicated network of interconnected influencing factors is involved in the patch leaving decision-making process of foraging parasitoids.
Interestingly, not all parasitoid species studied so far exhibit behavior according to the predictions of our model. Although results for L. clavipes (Hemerik et al. 1993 ) and L. heterotoma (Varaldi et al. 2005; Hoffmeister et al., unpublished) are in good agreement with the model predictions, T. brassicae deviates in an important detail (Wajnberg et al. 2000) : here, rejections of self-parasitized hosts led to a decrease in the PRT, whereas rejections of conspecifically parasitized hosts had no effect, which is directly the opposite of what would be expected from the model. Whether this is an exceptional case remains to be resolved in further experiments. With our model, we provide a theoretical framework that yields testable predictions for future comparative studies.
Conclusions
Animal behavior is highly complex. Foraging parasitoids are known to include information gained before (Roitberg et al. 1992; Visser et al. 1992; Hoffmeister et al. 2000) , during (Driessen and Bernstein 1999 and references therein; Pierre et al. 2003; van Alphen et al. 2003) , and between (Thiel and Hoffmeister 2004; Outreman et al. 2005 ) patch visits in their decision-making process. However, we are far from understanding all aspects of this process. In the case of information gained from encounters with already parasitized hosts, even the question of its functional value was unresolved until now.
To embark upon this problem, we developed the model presented in this work. The results of computer simulations suggest that parasitized hosts should be considered for the decision when to leave a patch, although the potential gain by doing so is relatively small. Decreasing the PRT may be adaptive when encountering a conspecifically parasitized host; reencounters of parasitized hosts should have no effect on the search time.
Despite the drawbacks inherent to any model (restrictions, assumptions, and simplification of reality), the new model provides an interesting and valuable tool for further investigation: it yields results that are in agreement with empirical studies and thus helps partially understand observed behavior from a theoretical (optimality) perspective, and it helps make testable predictions on the behavior of foragers under certain environmental conditions in the laboratory and in nature.
The total number of hosts in a patch (at all times) N t can be described as (see Table 1 for an explanation of the variables):
where N p 0 and N u 0 are the numbers of parasitized and unparasitized hosts, respectively, initially present in the patch. The mean number of host encounters per host present λ can be defined as
where N e is the total number of host encounters (with unparasitized or parasitized hosts) in the patch. Assuming a Poisson process for host encounters (random search, equal probability for unparasitized and parasitized hosts to be found), the probability to encounter i hosts in the patch is
The probability that zero parasitizations (=encounters with unparasitized hosts=ovipositions) have occurred conditional on N e is P 0 parasitizationsjN e encounters ð Þ ¼
Therefore, the probability of encountering N e hosts and having zero parasitizations is 
À Á ð20Þ
Thus, the expected number of currently unparasitized hosts N u is:
Because of the obvious relation N u ¼ N u 0 À N a , with N a the number of unparasitized hosts encountered, it is possible to calculate λ without N e , thus eliminating one of the unknown variables. N u À N a ¼ N u 0 e Àλ Nu 0 N t will give us
If only one parasitoid is allowed in the patch (number of foraging parasitoids P t =1), the "attack equation" developed by Rogers (1972) for foragers in depletable patches, by substituting the respective terms, can now be modified as follows (z=search time):
